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Ls INTRODUCTION 


A. BACKGROUND 


Bank; LO-luUEn 4. (BOT) Control ms WeLlizied “extensively. jon 
missiles which must cruise for long ranges within the atnos- 
phere. These mMassidess utilize a, vraimary lifting Y4surétace 
(Wang jy and Smaller centrolling, supfaces as on a conventional 
alc p vane. Mhas methodihas two primary advantages. Prest, ‘the 
wong) pErcvides lift ito support , Ehe missile's . weaght iat | a 
Eelavavely high vefficrency thereby permitting longer ranges 
for va (“given size'engine’-and “fuel'’ioad. “Second, Pines west 
vector .can be’ ipositioned by banking the "“missile to provide 
lasge Glateral? accelerations resulting ~“in “ excellent’ turn 
performance. Ceptain SIT “'eruise missile configurations, 
however, “(use ditferential ‘tarl for’ ‘roll control as ‘opposed 
Eat Léerons and isutfer from ipidor roll rate’ and “acceleration 
BPeatornance.! Mit ts the! anvestigation into ‘the’ contrel ari - 
tatronstct a \ Bil senuise) missile! configured’ this* way im’ the 


tenmtnd» homing “phase which is the Subject of this ‘thesis. 


Ba iS LATEMENT ‘OF ‘THE “PROBLEM 


inn wonder’ to provide compact, isttorage ofwa BPT mass le, 
the main wings are usually foided back and designed to snap 
into positior as the missile emeryes from its cannister at 
launch. Because Of (‘this feature, Lt 1s ggeneraley not 
feasible to anstall rell control devices, at the extremities 
Cf tne wings. Roll centrol is normally provided by. duffteren= 
pia. actuation Of the tar! fans (of the) missle. Because. of 
their short moment arm and small area and because the main 
wing has arelatively large degree , of roll damping, ETT 


Missiles are Limited) in jtheir ability to roll rapidly. 


Because of the meed) te bank the misisaie | an order wire 
align its lift vector in the desired directron at hasm@elecm 
suggested that the requiremert for rapid roll maneuveri nguyen 
the terminal phase of Elight would limit the accuracy of tne 
Missile. In addition, natural fluctuations in ithe posaemar 
Of the radar target, known as glint, and artrsicaal fiwemgen 
tions -due to ‘the ' preserce ‘of electroni¢e::countéerneasures 
(EGM) hight ;,further degrade the, —perzonmance, of -aajETzZ 


missile. 


Ge MISSION SCENARIO 
1. Control Configuration 


The missile simulated in this thesis is a hypothet- 
iGgal. rank to};.pturn .cpuise: maussixe wath ) damited soil <enaeel 
auth opity.-. dts ,design ») incorporates, charactesastucs typmeal 
of many similar designs. The missile is equipped with a 
standard, ruddex,- for, qvaw,'comtrol) ands stabtlaters .forsibere 
Oda. hand, pa tchg contz el. Lnner doop closures) for stabuleza— 
tion and command are included in the simulation. Command 
ioop closures consist of normal acceleration, bank angle, 
and lateral acceleration. Tne tlateral acceleration command 
system can be used aS a turn coordinator in the bankx—to—euea 
mode (normal) mode or as a laterad: oad factor (NY) command 
system ana skid=tec=-turn mode. Outer loop closures, Yage 
provided for altitude and flight path argle. The autcpiiee 


contre! loop design 22 i presented in detail in [ Ref. 15 


Zi; » Larget 


The target is assumed to Fe a surface combatant shivd 
VYocated initially 24,000 feet due North from the missile and 
HoOving East at @ constant Speed of 20 Knots. It 1s ascumed 
that the missile seeker tracks an aim poimt rerfectiy. ie 


aim "FOLRt is’ located nominally 10 eet: “above the she’s 


14 


Vatonilunerand anivdshieseyhinas Varin pomnt \econtinually” skrfts 


asa) uncon On) Sey bainkingy, and anrandom: glint simulation. 
2. ECM Simulation 


The. SOM 4 bdo nker simulation -shatts- the “sadam” target 
seen by thelymassides seeker forward*and ait” fromythe true 
target aim “point by’ 47S5e"feetralong’the “ships longrtudinal 
axis at a specified frecuency. The aim point is’ simultane- 


Osi y shifted’ vertically £10’ feet at’ the same frequency. 


is | Attack Profiles 


{he attack profile usedtas "aebaseline for this =sriu- 
iacaen began at 50 feet of altitude at a speed of Mach 0.75. 
Hae. Massile tracked “toward the target wsing | “peopor tional 
Davgagatron in azimuth and altitude hold. ,.at.50 feet. Ata 
range of 18009 feet the missile rolled to 60 degrees of bank 
ang turned away, from the target to.the. right until the 
target line of Sight was offset by .10 degrees. When the 
offset was reached, the ,©issi le iclinbed to. an, altitude of 
approximately 259 feet and then dove toward the target using 
PEOPortional navigatvon any both azimuth and elevation. This 
Hesston ProLile: as votten referred to) .as a popout attack. 

Variations: of/ this, mission.: included eliminating the 
im degree ofisetiy turn | and/or the. clamb,, to,.alLtatude and 
Substituting, skid—to—turm control Jiaws for, some. phase cf the 


Hesston. A Lallistic altitude profile was also attempted. 


D. EXISTING WORK 


In order to examine the existence of such problems and 
to test several proposed solutions, a six degree of freedom 
srl latien of a typical BIT cruise missile was produced by 
LeDa  Kent Wavterson, and (published in ~Ref. Tj]. Thais samula= 


tion was produced using the IBM Continuous System Modelling 


nS 


Program, {CSUP .LILI)- simulation, language. i. Ardetailed. descxap— 
tion, of this language.and “LES constrictions, 1s, rresen tedeeun 
Pret. Zivanc [PReEt =] (3%). The Simulation |ameluded dynamues, 
autopilot, ‘cuidance “and mission profiles.” ait did not reuse. 
sent rany, SpeCcriac, nissilesbut; ye sather;”,ireluted Character ts— 
tics typical Ofemissiles conevaured. An.thastadyn In ¢xeer 
to overcome limitaticns imposed upon the simulation program 
by the. avabtlable,.computer installation,» this... €SMP.s pregmam 
was rewritten in extended FORTRAN H. This allowed greater 
flexibility and £ull utalazataon oF . the DISSPLA gEeaphees 
programming package available at NPS. A complete copy of the 


program listing is presented in Appendix D. 


En .pSGCCPECOF TESIS 


The tests conducted with the revised simulation progiran 
were limited. to eXanining the effects of. EC* blinking yand 
Glint upcen the missile's control system and accuracy against 
a Simulated medium sized combatant vessel traveling at 20 
knots perpendicular tc the missile's track over the earth. 
Alternate attack profiles using modified flight gecmetry 
and, in” some cases, skid-to-turn control Laws were also 
tested. A listing of the different flight profiles examined 
is presented in table I. 

For all flight tests. of. the missile, certain parameters 
were held constant. A list of these values is presented in 
table i. 
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TABLE) d 


Massile Attack Prorale Test Configurations 


lexack.e yaad ee ix ee ea ei 
a ee a SS SS 5 SS SS SS SS i a SS ee aS ======| 
| | 

| BAS®LINE | x | | 0.5 | BTT | 
| a0 | | Me | Oras i Bees | 
| | | | | | 
| iene a j | On Sy Sie nasa | 
| | | | | | 
| IV | | Mi | Oi | BE os | 
v | X | 9.5 | Sung | 

a | x | ORS e| * | 

| | | | 


* 90 degree Lank on ballistic terminal trajectcry 


TABLE Ii 
Simulation Variables Held Constant 


le Name V 
OK SOROS Rk kkk ko koko kk ok ok 
5 


Lab 

x 

ry) Burm = Thr ou B RPoe 
Blrneer Sonar 
Lo 
La 
ve 


#6 


thehth Fh # OD 
ie 


ngitudinal # 

teral + 

Etacal + 
see OF Ese geeceuce scheme: 


Doin O %#F 


‘Q 


) 
opup Altitude 100 
Senge Range 138009 
rate Limit 5 
FR AR Hee ee oe ea ok ee KK KK KK KKK KKK KE 


HO HHO cect re c+ Ht 


3¢ Qubhrh Au 


HIN 
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IT. PROGRAM DESCRIPTION 


As. HADEGRATITON OF THE BOUATIONS TOE (MOTT OR 


- 


This simulation uses the linear, Six degree of freedon 
equations of ElVight developed by Foskarm in” [Ref. S:voljeiy 
and modified by Hewett in [Ref. 4]. The CSMP program devel- 
oped Ly Watterson [Ref. 1] used a variable step Runge-Kutta 


integration method. | The FORTRAN translation program uses 


THUEGEAL (DOT DT). = . % oe GYDO1) *Da (ean 2a) 


simple Eulerian integration which. is. given by equation 2ate 
The incremental time element, DT, ‘1s fixed at 0.01 seconds 


and the integration period lasts for less than 39 seconds. 


B. PROGRAM NOMENCLATURE 


A detailed description of the nomenclature used 
throughout the simulatior program is presented in Appendix 
C. The variable names used in the FORTRAN translation are, 
with few exceptions, the same as those used in the the CSMP 


Simulation. 


Cc. AXIS SYSTEA 


The simulation uses a right handed earth reference frame 


weere the x-axis. points North, the v-axas pownts Sastiame 


the Z-axis points dewn-. However, altztude and vertieae 
velocity are always given as positive upwards “(as3e- 
ALTITUDE >= =Z). 9) Forsplotting the geographical ttrack inane 


cutput routines, jhe axes are ‘transtiormed so that “the 


X,Y,and & axeS point East, North and upward, respectively. 
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De PROGRAM ARCH EPECTURE 


The .-cORTRAN, (SEM UatiON tporogram, consis tSos, an vexecutave 
Paeghamy which reakiisvtseven »vnajon qi subsoutines 4 ijwhich, are 


briefly described as follows. 
1. Executive Program 


fhe main |hcallling jproegran ys "short and \;handles yonlk: 
taree tasks. It increments pthe TIME, variable for each inte- 
gration cycle. LUvealtscthes output data stormagecrowtmne; 
PREPAR, at the specified output interval and it contrels the 
execution tot, multiple mlightsywithin 1 jay srungles program wun 


changing one or more key variables between the runs. 


This [subroutine so icentains vavsnallrsectror’ of sexecu- 
table statements which resets variables to their initial 
value when more than one flight is flown during a progran 
Bun. .pncluded with ithis (subroutines ythe pBLOCK)DALA isubhrou- 
tine which must be used to initialize ali variables in nane4i 
common areas. The majority of the BLOCK DATA subprogram is 
taken up with arrays listed in table form whick contain the 
aerodynamic coefficient data for the missile. Partelicnicoes= 
ficients which are functions of one variable are shown in 
EEGuILes Aj2 othroughA.9eStaticey, coef iicientsewhich, aretiunc= 
PLoS. , Of two (panameters jare)\ presented taninys figures! sa90 
through A.18 Dynamic coefficients are assumed to be constant 


and are not presented graphically. 


this subroutane. dictates, the.imissaon, prot idles,  Tteas 
divided inte, sectionsimwhichy activate. » in); iseqwenee) as) ‘the 
Mission progresses. Fach section (takes; the flight dynamics 


datay fore ythe missile, COMpares: "WEL wath the target 


9 


acquisition data. (genesmated an -Subroutame. ZeEINAY) and 
OULEpuUtS vertical and horizontal acceleration commands iam geke 
geographic earth reference frame. Thesein “turn are trars= 


lated into commanded bank angle and normai load factor for 


the. missile accordans to. equations 262 fand? 253% A Ciagran 
PHE@ =" BRCTAN(AYC/AZC) (eqn 222) 
NZE oO l= AZO cos! (PHB) + ANC Yan (PHE) (eqn= 2439 


of ‘these “vectors! 1s ‘given in figure Aste? Di fterent \termznal 
attack o (profiles ‘are implemented using. /-variations of “this 
subroutine, Mi SSN and = "ISS NZ, which are presented in 


Appendices £ and F. 


4. Subroutine AziLot 


This subroutine takes the commanded normal load 
factor sani bank angle’- and -applies. “them to the” mrssitte 
autopilot systen. A detailed discription ‘of “the -desiom os 
the missile's autopilct is presented in reference [Ref. at. 
The outout’ of the’ ecntrol system is delivered in” terms ver 
conventional airplane elevator, aileron and rudcer control 
posa tions’. These are mixed to obtain the commanded missile 
rl (pesitions’ The cortrol Limit's of 15 degrees’ “are “ap piiter 
tor thet) fans and! these controls fare then’ unmixed” to ‘obtain 
the limited conventicnal control positions. The dynamics of 
the serve actuators that move the tail surfaces are modelled 
as “a £irst order real poles ALGhougn: CSU2=-Lit “provides 
macros that perform the simulation of mary types of transfer 
functions within the eontrol” system” onlvy “the first “order 
real pole’ transfer’ function was” necessary for this frogram. 
it rs modélled® inf? tre? PTOrTRAN translation “using subroutine 


REALPL, presented’ in” the progrdm itsting in” Appenda x C. 


e 
ltr 
v=] 
ltr 
IH 
fe) 
Is 
c+ 
le} 
Ip 
lo 
ed 
Ih 

ee) 


Subroutine SAREO  Cuses Ewo . table 1ookup, rowtimes to 
retrieve tke aerodynamic coefficients from the data 
peesented In svgqures (A, 2) through A. 13) Linear interrolatiens 
are used to obtain values between given parameters. Meyseig 
messages are printed when the input parameters are outside 
ene. bounds Yor the data’ “im ‘the -lookup table and -these are 
suppressed arter about’'5 successive integration cycles. AERO 
completes the buildup process, uses these data to compute 
the £fcrces and moments on the aircraft and then integrates 
BsecoMTegGUditTOnS OL» Motion to’ update-.all of the lvainepaies 


flight parameters and position information. 


624" Subroutine -TETNAV 


The TGTNAV sukroutine navigates the target vessel on 
eecouUrse or East ‘dt. aestead y "speedisoe “20 “sknoesi. . Ee ‘shikes 
tae position “of ‘the radar target, relative to Nts real, cosi- 
tVon according to the jECM and CLENT parameters. The) (Glan? 
esrscr rs ' “produced by multiplying the GhiInT ish Vet Yyin, each 
axis by a random number between -1 and 1. The GLINI offset 
as) Galculated every cutput interval rather than 100 ‘times 
per second. The FCM offset is Switched according to the sign 
Of ta’ Sine wave ‘which runs at ‘the EC’  bbinking ‘frequency, 
Peso. ;s/These “offsets “are then added) ‘to: the “actual |) target 
POsEticn to produce the radar target position. Line of, .sight 
angles and rates are calculated from this information with 
the assumption that the seeker has PEELect, Sivoo nian, 


Gapakility. 


we Subroutine PREPAR 


Ke antervalis Specified by 2 the output counter,’ this 
Subroutine 2s “callledvand "stores wp ‘to"2/0) *vardables in wa 


Hapge array ‘call PIs "The output interval’ iwsed for all) tésts 


was’ 40529 sec. The PTS*apray -1s\ passed togeheyoutput routwnes 
wien the’ Simulation run as completed. Ths subroutine’ adage 
CONVEETS OUtpUt Vartebles’ from radian to -d@egree format and, 
im the final "attack phase, “*calculates four error functicge. 
These error functions are time averaged differences between 
commanded variables (Sais BANK OL, ROWE. eee) and thews 
actual ccunterparts. These are later used to analyse the 


performance of the control system under various conditicns 


Sz Subroutine OUTPUT 


OQUZPUL “produces Ss 7405S ‘Of OUTPUT infsemat ome The 
primary “data output lists “the “value o£ MESDST “(the* distanee 
aw “which, the immssi le“ passed ™ "the "target at “res ~'etiosmas 
approach), the value of the errong yhunctLons,atys thes ends 
the mission, and the manges of al? the vdaEliables Stemeus 
These data are also printed to another file followed bv the 
fle contents ‘or the PTS drray in tabular “form. “"7his giveome 
humerical history of all the output variables from the start 
to the “finisk of the mission. (Normally, to save disk Space, 
this file was routed to a dummy variable. It was needed only 
wher detailed data histories of a portion of the mission 
were required.) 


CUDPUT “also ‘Gals "the  “necesisaev DESSPEA Toutunesmes 


Vv 
print graphs of the output variables. The independent vari- 
abe an sin’ graphs ™ as Tne. In the seventh graph the posi- 
trons “of” the nissile’" and the” target ship “are “plotted am 
three dimensional space for each output interval. Each o£ 
the graphs in this suktroutine are controlled by the setting 
of ‘7 ‘Etlags in ‘the first column “of the data Statement at’ tive 


begananany of the routine’ (0 to padiss: ver dand sitios rplot) 
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ELL. BASEDINE ADL ACK  CONEEGURATION 


== = SSS Se == = SSS —  ——  ——_ 


A. AUICEILCT ROLL RATE COMMAND LOOP ADJUSTMENT 


TREtialMtestingmoLlatthersimulationwwasiiconductee fonithe 
GSP | werstonhok Wwthe' program. (fhevfrecuency® Of the ECM 
piaenmken was varied from. 02 hz to Marttaximum of 0210.7 Hzoand 
the roll performance of the missile was graphed. Figure 
feos ) shiowsethies (commanded . roll Yorate land <> actua ly rollin) Pate 
PeOLned againstys finer for \thesx@urations lofttias® tharty=seecnd 
Pormgnit sstratoht itowazd thet target tia tua iconstantialvntu lotot 
Dt cetime The) target ‘siradar position i was blinked Yat’ a wate 
of 0.4 Hz and roll rate command was*limited to 75 deéearees 
per sec. In the figure, the command oscillations increased 
in magnitude as the target range decreased and, after 24 
seconds, the autcpilot commanded the maximum rate with every 
shift ci the target's apparent poSition. While the ccmmanded 
BOLL rate remained at 75 degrees per second, the actual roll 
Babe never exceeded 35 degrees per second. Figure A.20, 
Mich “plots ‘the fin’ pesitions as’ a fuanctlon of time, shows 
that the fin servos never used more than 3 degrees (of the 
faxvimum 15) of travel in either direction. To remedy this 
problem, the missile autopilot roll rate command loop gair 
(GQROLET in the progrean)\\was increased from 0.1 to 0.5. The 
Valiwe of this "gain thiad (been) set: by Watterson [ Ref. 1] using 
root locus based upcen the perturbation equations of motion 
brea. 4} in steady state level flight. PicwEes= (AL 2 rand 
A.22 show the results of a subsequent run with the revised 
guvdance loop. Steady (state error ‘in roll rate iwas ‘signi fi- 
cantuny (\iseduced <andaithe full) range) sof! vrivaiilable) | «flught 
Gortnoelis: (£15 deg." was “used. Thas di rkemence iin the auto= 
PALOt J was /ancorporated, into the baseline program and 


remained throughout all subsequent tests. 


a 


E. BASELINE PROGRAS 


In crder to prcvide a’ LEaseline /perzormance recone 
against which to exatane the Crrects of ECM “ard glint ayadyon 
alternate attack proriles on the accuracy of the missi lesan 
the periicrtance Of Lts control system, a Standard,  pcraemre 
attack wath) bannoffisete _turnivaseselectedaland? fiewnlt anders 
used as a standard for comparison. The parameters ‘hich 
apply to this baseline,areslisted’inetable»Iis., FiguressA.235 
through A.28 are a complete record of the Easeline prograz 
Fun without canys ECM s,oraglant! (offSetssapphiedditoms thes tayer. 
Figures:As29 through ,A-35.abe».a complete! record) ofs the? base— 
Line, FEOgral ;srun-withsthe *ECMN» bhinkersoperatingiat 10RZiRZ 
and the glint feature operating. The complete tabular data 


output from this latter .cunsisyppresented in, Appendix B. 


TV at BREOUENG Yn SCA NwT BSS 


A. , ERROR FUNCTIONS 


hor stesStang@seme erreects (OL | glint “ard “EC, at "“ydrzeuls 
Deinking frneqwenctes, against the Control ‘system of the 
missile, a guantitative measure of the system's effective- 
ness was needed. Fcur error functions were develoved for 
this purpose. The time weighted difference between the 
commanded value and the actual value of a variakle was 
eonputed according to equation 4.7 This time weiqhted error 


was summed over all cf the time intervals and divided by the 


Dae — Dl * ABS (COMMAND > VARDTABLE) (eqn 4.1) 


Pua time to, produce the error function for the” variable. 


The variables for which these functions were computed are 


TABLE. LiL 


Error Function Variables 


VARTABLE COMMAND. VARIABLE 
Sk tok tok koko tok ok kk ok RK RK KK OK RK K 
Te pA BANK 

Zen ROL PALS ROLRT 

So AMO is LOS KA 050 

Ut ELEVATION LOS HRATE 01:29 

Kk go RRR a Rk ok ROR ROR KK Rok eK KK 

tested an Table Y Iii". In the terminal phase where propor- 


tional guidance is used in both the azimuth and elevation 
channels, the commanded azimuth and elevation angle rates 


aeerPZere (Fo nproduce7 ajeconst ant bearing- Intercept ¢ 
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B. ECM FHASING 


At Lew trequency Mbisinking sates, ne phase, .of the er 
blinker at the start cf ‘the “missiom had a very iarge exregt 
on tke miss distance. TO minimize the distontion of the data 
due to this. ezftect,. a phase variable was “added “to the siee 
generator to change the phase ci the Elinker at the start of 
each, run. Four .cuns were, conducted at. cach treguency. useng 
Values of .0..0. PE/2 5. Pls (3/72).E for the ~phase, yards ener 
data for each frequency were averaged to get mean values for 


the miss, distance nd each error function. 


C.. BASELINE TEST, RESULTS 


1. ECM Frequency Scans 


Four Simulated flights were conducted, at, .<cach 
Breecuency from 0.0 te 30 Hz. Glint was disabled for the 
course of these tests. The attack profile flown was the 
bkaseline pofout attack mission. A graph of the mean value of 
the miss distance (MISDST) versus frequency is presented in 
figure A.36 The data show that maximun niss distance occurs 
in the very low frequency range of the the order of 0.2 Hz 
and again to a “Lesser” degree “in the” vicinity ci 6 ene. 
Figures A.4) and A.9& are plots of the error function means 
against frequency for the autopilot command errors and the 
tracking errors respectively. These data show that the bank 
angle command loop is susceptible to ECM fregquercies of the 
erder o£ 0.2 HZ ‘whale the roll rate connand loop eee 
PErmatrily responsible for the errors that occur atiauae 
higher frequencies in the range,.of, 5 to, 10 Hz... Pig une, seas 
also demonstrates that the time averajed trackiny errors 
follow the same -Lasic pattern. 

Figures A.48 through A.53 demonstrate these effects 


sgl wesehee (omen Fagures, AL8e@ and 3.51 snow the bani angle ana 
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BO Tate, cert onrnaneel mor, fhe. baseline *arssrle! (without ECM: 
Both) Varrabiles ;track 'closelywto  themr) commanded values with 
Enevexceptionytofva srl steady sy state terror in! the rate 
ehannel) which is” most evidert at large commarded ‘rates. 
BIGUEESER. 4S and AwS0’skhow, the effects of ECM at 0.4 and €.9 
BzZyupon the vbank) channel .10inifigure aA. 497 signziicant! eCrsors 
existiain bankyeas thetsystemmrecannot ‘Keep up. "wlth theslarge, 
sudden changes!in! commanded» bank caused by the: ECH shift o£ 
the target. The bracket in figure A.49 is drawn betweer two 
corresponding points to emphasize the large lag present in 
the channel. Roll rate tracks close to its commanded level 
arvethiscirequency. 

Atoos0CHz, iirtiguresT Ay >2)\andv AsSsrshow! the eppesizte 
effect. In figure A.53 the bracket emphasizes the large lag 
mide “EexiIststiny (iher taircrakt prollioresponse:> to the: rapid 
eiangess in rate, commands) ,Thet- bank; command) Loop atr "thas 
froguency has effectively” filtered out most “cof the high 


frequency irput. 


ihelresuiesiver healt requency, Scan, tests, showed) that 
the Laseline BTT cruise missile Simulated Ey the prograr was 
more Susceptible te |) ECM frequencies am they vicinity of 0. 2 
ana. 6.0 EZ duev) toethevexcitatiaonso£ the bank. tandé mpellsrate 
command loops respectively. If distances greater than 2) ft 
from the center of the target are considered likely nisses, 
Poene the, excitation of the, roll) )ratexcommandj/loop (did: not 
Peqdnce Genough, CFronr Wto, cause auviakely “nirss7 Thess Bbest 
EeouLes, »~ from the, targets: poantoof, vier, yowidd. bet obtained 


with, Low blinking frequencies in. the vicinaty, of) 0« 2 hz. 
Ee @ (errectis’ (OL 'Gleiunt 


Mim OnGderwtowy 1Solate, thet eimects! ofy, glint, ~the), baseline 
configuration was) flown, without ECM or glint!) and, again with 


Glantvoniys Fagure A. 33) showSsay trace. of they randon, ol anit 


displacement applied te the target's .posttron as a funeksonm 


of time. EiGures> F225) through, | A..Z3), which ..trace ~vehe 
nissile's oad factor, Jbank ang Lei, EOL] rate . and £laggue 
CONErCLS wi thoue gia nit, may be compared with figures A.54 


through A.57 which, shew the same traces, foe oha mission Seen 
quam. 

The miss distance recorded without glint and.an_EC™ 
phase of 0 was 3.7 ,f¢et.. The distance. mneasurned »nith» qi 
Was 9.4 feet. Although these distances are very small 
compared with the miss distances achieved with ECM, the 
degradation anduced, by , glint was...large (154 ..percent) 
compared to the best obtainable value. Ways, Of MIlALMiaing 
the effect of random perturbations in the target position 
due to ~tadary giant will, make, a significant , improvenesuaan 
the missile"’s accuracy in, the, absence of, ECM and shouldbe 
developed. 

Since the miss distances without. .ECM and glint swere 
very small compared to those obtained with very slow 
Elinking frequencies (0.05 to 0.2°Hz), further tests showm 
be run concentrating on ECM in the very low frequency range. 
These tests should obtain a much larger sample of ECM phases 
in order to best define the shape of the miss distance curve 
Reo Oe 2 hic 


D. ALTERNATE CONFIGURATION FREQUENCY SCAN RESULTS 


1 sttssion. Profade 


Similar frequency scan profiles were flown using the 
NMISSN1 “(Appendix 5) subroutine to generate the guidance 
commands “for configurations I1,ii1, and 4/4. %hese | atedaes 
profiles committed the offset turn and proceeded straight 
toward the’ “target using Sroportional Pdvigaeron An azanuee 
from start to finish: The popup maneuver was commenced at 
15000™£eet* Erom the target. “Of “ranges crem 20,000 to 5,000 
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Feet which were tested, 1S,000  -fecte produced. tier) mest 
consastent hitsiwarcharoey foot’ popwvralt: tude! command.) Ald 
subsequent tests of these missile) attack configurations used 
(5p CCL Ltn. popuplaange, andi.ay,200 ifthe, ~altitude,.command when 
the maneuver was perfcrmed. 

An algorithm was added to the baseline propcrtional 
guidance scheme for the terminal phase which ensured that 
Hie wmussile rolied’\ to place’ the nearest) of the’ positive or 
negative 7—axis ,..wwecters on, the dimnection conmanded bv; the 
guidance system. This ensured that the missile would command 
negative load) factor rather than trying) to roll’ the missile 
WpSiLGe.down.as..it.cmeached) the...apexso£f1tss clinb.)9 Azimut hal 
accelerations commanded by the guidance were stili achieved 
by banking the missile except for configuration V. 

A compilete (set; of} mission) profiles graphs’ forgo conzig- 
Maat VOnS Ii Tit and TV against a target with glint and. -CM 
Diinkang at 0.2 Hz. are presented (in) ftigures) A.58 through 
eats) 


a. Miss Distances 


Each) Configuration was £iown “against ther target 
four times per test frequency. The tests covered a range’ of 
pinker frequencies from’ 0°05 through 30°70 Hz: The’ mean miss 
distances recorded are graphically presented as a function 


‘S 


See erre quency? ain’? £agures” A.37* "through" Az 39" The’” results 
obtained were very Similar to those obtained from the [Ease- 
jine configuration. There were two areas of higher than 
normal errors, one at low frequency below 0.2 Hz and another 
aoa, Higher frequency, near 6.0, Hz. Table lv  vcompares the 
miss distances for each of the configurations. 

The* maximum’ values*that occurred” for ali” contig— 


urations appeared atv vethe Same fre ,uencies with one 


TABLE IY 


Maximum Miss Distances 


Rabe oth bbls millet. oe MR GO ik os ee Bale Se) wee isl 
| CONTIGUPATION | PREO. RANG £ | LOCATION iP SUAGINGE Se Onpiiaa 
(HZ) (4Z) | | 

| BASELINE | EWA Me Dre O)aa) S02 Om 2 as | 
| | | 6.00 77) | 
| iat | OA0S. = Zale 0 | = 0 0S oy) ahs | 
| | 6.00 | id 7 

| igi | To" =) 30. 0 SO es | 
| | | 515 50) le) | 
| IV Osa 4 = SS.0K0 4] ZS LOselhOe > | 2 oS ] 
| | N/A NJ A | 

Netet os Sr tee Dail SY!) ele! | gt Wie oe SRY Sp) by hh | 

exception: Changing the roll* rate gain fron 0.5 “toudem 


eliminated the maximum at the higher frequency. In additicn, 
the Magnitude ~’or thieerrors did” not ~ differ significance 
(The kaseline shows a smaller magnitude because the data do 
not extend below 0.2 Hz.while the other configurations were 
tested down to 0.1 and 0.05 Hz). Changing the attack geon- 
etry of the missile did rot Significantly alter its Suseep— 
tibility to ECM jamming within the scope of these tester 
Altering the. gain of the roli rate,.command channel in the 
missile autopilot significantly decreased its, suscertibilimcy 
to. ECM blinking sate higher, frequencies. ». Further ~tesccung 
should be conducted to determine the extent to which auto- 
pilot modifications and gain adjustments can decrease the 
erfectiveness ,of an... ECM..blinker.against..a ,bank to), tuEn 


missile. 
bo SAutvopL lor asrors 


Figures. _A.49 through .As43. graphically mresient 
the error. £unctions itor «both the, bank; angleyand =cell rate 
command loops within the autopilot. These furctions, are 


representative of the ability of the missile to follow the 
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conmands "Given at bythe autopilot (the hwgher the function, 
tue —pooOrer the performance). As* with thie baseline conftigura= 
tion these figures demonstrate that the bank angle loop 
Contributed) nost tothe errors’ at low €recuency and the "rol 


mace loop ‘contributed most/at the higher £recuency. “Tablierv 


TABLE ¥ 


Autopilot Errors 


wee Lene e Ter. AT | 01. OY 2M oe 

BANK ERKOR | RATE ES | 

ONFIGURATION | FREQ .| HAGNI-| FREQ .| 4aGNI-| 

ssossassesessasestsshacostesSessstsShecssssic5| 
| | 

| BASSLINE | 0.4 | ees ee 0.19 | 

| | | | | | 

II ORO Wogehige| 2287 007) L102 166 4 

| 

TII | 0.5 | ic al nl tio ls | 

| | 

| Iv | 0.6 | EAT RC i Mr | 
| | 


is a summary of these graphs. 

Magnitude of Sthie’ ‘bank’ error \Punctzton "and thie 
peeqguency Sat which -Lt". occurred “were “not- significartily 
altered in any one of the tested configurations. Changing 
the geometry of the attack had no effect on the frequency at 
wiacmoECHiwas® MOStPetfective against the “rollvrate’ contre l 
systen, however the magnitude of the errors were increased 
by approximately 50 percent wher the popup maneuver was 
eliminated (configuration IIT). 

DecrcasSingvthes*sollirate autopilee gain from°Ons 
rou. li (contiguratpronviv) Wmoved thevresonant frequency for 


Ere’ role inate command “sy stemirto eatlower frequéeney” but 
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increased... the. magnitude pot; the exrors, yy ~ more sthansgalpo 
percent. This. ef fect<sisyretlectedeo in) » the, niss,- distance 
Grapher (fagures A.36 throughyA.32) in the disappearance of 
the distinct) “Maximum at’6).HZ-ard, aywidening, of. the tower 
Maxamum (figure, A.39).< Altering, thes + autopilot: gai ny sewers 
effective at moving the resonant Erequency to a diftemen. 


region but could not climinate rts effect: 
¢. Tracking System Errors 


Brrorks in the tracking loops ‘are chartedgera 


figures A.44 through A.47. These errons fellow the trends 
6f the gautoprMoeteand messyn distance; errors. At the lower 
frequencies, azimuth performance was dominant while at 


higher frequencies the elevation tracking loop experienced 


the largest degradaticn. 
Joh HSkIGd slomtwrn, Catdance Results 


The MISSN1 sukroutine was further modified to allow 
the lateral load factor command variable, NYC, to ke set 
according to guidance commands rather than being kept at 
zero “fOr EUEN Coordination purposes. The commanded bank 
angle was set to zero in the terminal phase in cordengre 
examine the effectiveress of lateral G command. No changes 
to the basic dynamics of the autopilot were made. The 
missile;was . flown insthis, confi juration!against »aspassaye 
targets Figures ,A.~76;+throughsAsS8ia¢presentathestull Catapeec 
from this test. The missile splashed into the water 99 feet 
left and short of the target. Once the missile came within 5 
secords cf impact, cress coupling between the rudder channel 
and normal load», tactor, roll ‘mate and bank can’ «be:seenvinr 
the Figures. Althouyh the rudder commands were never satu- 
rated; neithen;could, the laternabeloadi#actos! control icep 
ereat¢e.enough sideferce,-to siollow thei skips: Lateral drart 
tq the peights The [addi tzvonsor,sGM and/orny glant would have 
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omy worsened the: performance of the massile an’this eoriig= 
Wear One No” 2upchepppeesitsmiot sthis  conilguration., were 
econcuctedc. "-the” use “OrVskid-to-turn control “Laws ~could-not 
produce sufficient sideforce to adequately follow a passive 
Grossing ctarget sand» sproduced .cexcessive., coupling "anbo the 


Jongitudinal and lateral rlight cont roks of »the/ ma ssile. 


Ven Lali Stic nanecrory 


Because the? MajorLltyloL” thevapparent) tarcets shate 
Wen cet EP linking OCCurS ine tire hornyvzonital gpwame, tamgat tempt 
Was made to place the missile ona ballistic trajectory and 
ureny Toll the alrerartt toy 90"degrees® angle or bank untL! 
Mmeace Using the | primary Toad factor to *follow the ~uem 
mime t and "Lateran oad "“Lactor to %arntain the “balilastae 
MumeceOrys “in Oder to* tly the ballistire* trajectory, <7 the 
alettude “hold'+ system was driven > by* “a commanded altitude 
slaved to a parabolic trajectory derived from the missile's 
vertical speed and range to the target according to equation 


Mie HMDCT*RANGCE/ VE +) (G72) s(RANGE/VI) =" Oh ™ Cegn 4.2) 


AY 2. where ANDOT,VH and VT \are the vertical, “horizontal 
and tetal speeds of the’ missile.” The controlling * subroutine 
Maeda  2or "this “Mission “was MISSN2 “and -asi* presented -ain 
Appendix F. 

Paigures “A.S82 through A885 show, that the addition of 
the dynamics of the altitude command loop made the missile's 
eontrol system unstable. Oscillations tow) thee = Limasts 
SceriEred * in normal load factor and ne Oe ON: rate. 
Considerable cross coupling occurred between the lateral- 
evecet ional and’ longitudinal dynamics’ or the) nissile. The 
agcempit) tO; £1374 <a; ballastie tragectory wsingathe? exasting 
alta tude comtnol system ,.wasi unsuccessful.) in order) tos fly 
tne attempted profile, amajor relesign of the missiles 


autopilot would be necessary. 
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¥. GONCIUSTONS 

The conclusions listed below were derived from analysis 

Cf Sthe results” of simulated flights “conducted using ene 
baseline .popout attack profile configuration, +"three*varga— 


- 


tions of the baseline attack, a.skid=-to turn control contige 


umation and a ballistic altitude trajectory. 


A. BASELINE CONFIGURATION TESTS 


At iew frequency blinking rates, the phase .of the jeey 
blinker had a very large effect on the miss distance. 

The best obtainable performance for the baseline mission 
wrtEhout FCM or glint was a miss idistance of . 3. 7_fects mie 
additz0n. of GLENT produced a miss distance of /9.7,fee uma 
degradation of 154 percent. 

The tank angle ccnrmand loop of the missile autopilot in 
the Laseline configuration was especialiy susceptible tc ECM 
frequencies .of the crder of ..0.2 Hz while, the roll Sieaee 
command loor was primarily affected at the higher frequen- 
Gies in the range of 5 to 10 Hz. The. tine averaged tracking 
errors also followed the same basic pattern. 

Tf dastances greater than 20 ££ from the center oiiene 
target are considered likely misses, then the excitationgies 
the rell rate command loop did not produce enough errcr to 
cause a likely miss. The best results, fron the target's 
point of view, will ke obtained with low blinking frequen- 


cies in, the vaciunijy ch 0.2. Hz. 


B. ALTERNATE ATTACK FROFILE CONFIGURATIONS 


in? terms’ of. the average miss distances measured, 


changing the flight geometry of the missile did not Signifi- 
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Gancly ater (dis susceptibility tongEeGinjanneng> wrthin the 
scope of these tests. 

Mitering the damn jommenrc! Poll rate command channel in 
mre Laseline *missile, autopilot Signiazacantly decreased its 
Suscepel bm lity to wees! blinking yat “higher ipreqwencves. 

Ghanging the igeometry of the attack had roviettect on the 
Degn tude, Of) ithe bauk eerox | functzon and the ) érequency cat 
which its maximum occurred. 

Ghangiung | theo li) myraite: gain freon 40 15)ptor yy 0-adinad sine 
noticeable affect on the magnitude of the bank error func- 
tion and the frequency at which its maximum occurred. 

Changing the georetry, of, the attack had n> ,<fiect tom ptne 
Breqiuiency at, whichy ( EGM was» most ~ffective;riagamnst the nol 
BAEC CONtrol system, however the | magnituderof) | the’ exrrons 
were increased by approximately 50 percent when the fofup 
Maneuver was eliminated (configuration III). 

Mecreasings theircli, raterautopialtot, gain trom 025) te 0. 
(configuration IV) moved the resonant freguency for the rcll 
rate ccmmand system tca lower frequency but increased the 
Magnitude: ofthe: errors by ©more; than » 100 percent. eahaks 
effect was reflected in the miss distance data Ev the disap- 
pearance of the distinct maximum at 6 HZ and a widening of 
the lower maximum. Altering the autopilot gain was effective 
at moving the resonant frequency to a different region but 
coudad not eliminate its effect and, in this case enlarged 
it. 

BEEOrsS in, the azimuth and elevation tracking Jcops 
erosely followed the trends of the autopilot and mass 
distance errors. At the lower frequencies, azimuth fperforn- 
ance was dominant while at higher frequencies the elevation 


tracking loop experienced the largest degradation. 
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C2" SKID TO TURN -CONSEOL 


The use of  skid—-to-turnm contro! laws could ynot, precdmee 
sufficient sideforce to adequately follow a passive. crossing 
target and produced excessive icouplingintoe the longicagiras 


andetaterat  meugnt, COntrole: Of Behe Ml asisd Ler. 


D. BALLISTIC ATTACK FROFILE 


The «sat tempt to O°fly a “*sallistic **trajectory using) wae 
existing altitude control system was unsuccessful. In crder 
to ftly™the attempted “profate,” a smajior™~™ “redesign cf seme 


missile's autopilot wculd be necessary. 
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VI. RECOMMENDATIONS 

Ways of minimizing the effect of random perturbations in 
miomtarjet position due to radar " glint will make a signifi 
cant improvement in the missile's accuracy in the absence of 
ECM and should be developed. 

Eumther “testing should -be conducted to determine) the 
excene to which autopilot modifications and gain adjustuents 
can decrease the effectiveness of an ECM blinker against a 
ramk to, turn missile. 

Sumnce: the elimination or} a popup. amereased roll irate 
errors by 50 percent, a popup profile is recommended for the 
fermanal phase of a \BTT Cruise missile. Further testing 
should be conducted to determine the effects of different 
Popup, profiles on theYsusceptibiility of the roll sate 
command system to ECM blirking. 

Sance the miss distances |.without ECM> and q@lint were 
foro onal l . compared j)to ‘those*) with very slow ) blinking 
paegiencies (0.05 to 0.2 Hz, “further tests ) should bel run 
Concentrating on ECM in» the very low frequency range. These 
teses should iobtaan a much larger sample of ECM ‘phases in 
Grader to best define the shape of the miss distance curve 
below 0.2 Hz. 


APPENDIX A 
FIGURES 


Figure (Ac Load Factor Commands. 
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STATIC AERODYNAMIC COEFFICIENTS 


LIFT GOEFF rl 


IEN 
BASIC CL VS. ay 


: -2.5 0.0 2.5 5.0 7.5 
ANGLE OF ATTACK (DEG) 


Figure A.2 Data Array LFT1. 
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DELTA GL (ELEVATOR) 


0.025 
L 


oes 


-18.0.-12.56 -10.0 -7.8 -5.0 -25 0.0 25 60 7.6 10.0 126 16.0 
SYMMETRIC STABILATOR (DEG) 


Figure A.3 Data Array LFrT2. 


40 


0.075 0.080 


CDBAS 


0.0200.025 0.030 0.085 0.040 0.045 0.050 0.065 0.060 0.065 0.070 


4 1 


: 


-1.00 


-0.75 


STATIG AERODYNAMIC COEFFICIENTS 


DRAG GOEFFIGIENT DAT. 


BASIC GD VS. AOA 


HEE 


-0.50 -0.25 0.00 0.25 0.50 
ANGLE OF ATTACK (DEG) 


Figure A.4 Data Array DRG1. 
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-16.0 -12.5 -10.0 -7.6 -6.0 -28 00 25 50 7.8 100 125 16.0 
SYMMETRIC STABILATOR (DEG) 


Figure A.5 Data Array D®8G2. 
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STATIG AERODYNAMIC COEFFICIENTS 
DRAG GOEFFICGIENT DATA 


DELTA CD VS ASSYMMETRIG STABILATOR 
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Figure A.6 Data Array DRG3. 
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Figure A.7 Dara Array DPG4&. 
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PITGHING MOMENT COEFFICIENT DATA 


BASIC GM VS. AOA 


-10.0 = -7.5 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0 12.5 
ANGLE OF ATTACK (DEG) 


Figure A.8 Data Array PTCH1. 
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Figure A.9 
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CYBAS 
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STATIG AERODYNAMIC COEFFICIENTS 
SIDESLIP COEFFICIENT DATA 


BASIC CY VS. BETA 
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Figure A.19 Data Array SID. 
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CNBAS 


STATIG AERODYNAMIG COEFFICIENTS 
SIDESLIP GOEFFICGIENT DATA 
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Figure A.13 Data Array DREC1. 


50 


STATIC AERODYNAMIC COEFFICIENTS 
DIRECTIONAL COEFFICIENT DATA 
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Figure A.14 Data Array DREC2. 
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Figure A.15 Data Array DREC3. 
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Figure A. 16 Data Array LITRE 1. 
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Figure 2S17 Data Array LPFRE22 


54 


DELTA CR 


-0.0100.009 -0.008 -0.007 -0.006 -0.006 -0.004 -0.003 -0.002 -0.001 


0.001 0.062 0.003 0.004 


0.000 


STATIC AERODYNAMIC GOEFFIGIENTS 
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Figure A. 18 DatavArndady: LIRE 3: 
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